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Repeat-induced point mutation (RIP) is a process that efficiently detects DNA duplications prior to meiosis
in Neurospora crassa and peppers them with G:C to A:T mutations. Cytosine methylation is typically associated
with sequences affected by RIP, and methylated cytosines are not limited to CpG dinucleotides. We generated
and characterized a collection of methylated and unmethylated amRIP alleles to investigate the connection(s)
between DNA methylation and mutations by RIP. Alleles of am harboring 84 to 158 mutations in the 2.6-kb
region that was duplicated were heavily methylated and triggered de novo methylation when reintroduced into
vegetative N. crassa cells. Alleles containing 45 and 56 mutations were methylated in the strains originally
isolated but did not become methylated when reintroduced into vegetative cells. This provides the first evidence
for de novo methylation in the sexual cycle and for a maintenance methylation system in Neurospora cells. No
methylation was detected in am alleles containing 8 and 21 mutations. All mutations in the eight primary
alleles studied were either G to A or C to T, with respect to the coding strand of the am gene, suggesting that
RIP results in only one type of mutation. We consider possibilities for how DNA methylation is triggered by
some sequences altered by RIP.

Certain cytosines in the DNA of many animals, plants, and
fungi are methylated. The importance of DNA methylation in
mice is highlighted by the finding that it is essential for embry-
ogenesis (24). Many clues to the function(s) of methylation are
emerging. DNA methylation has been implicated in X-chro-
mosome inactivation (49), genomic imprinting (4, 38), and
other processes. Methylation of promoter sequences typically
correlates with gene inactivity (1); however, it is unclear to
what extent methylation is used by eukaryotic organisms to
regulate transcription.
Despite progress made in understanding functions of DNA

methylation, little is known about the control of methylation in
eukaryotes. In mammals, DNA methylation patterns are reor-
ganized during gametogenesis and embryogenesis (28), but the
patterns are relatively stable after differentiation of tissues.
5-Methylcytosine (m5C) is predominantly located within CpG
dinucleotides in animals (50). Riggs (36) and Holliday and
Pugh (20) proposed that a ‘‘maintenance methylase’’ propa-
gates methylation patterns by acting on hemimethylated 59-
CpG-39/GpC dinucleotides in newly replicated DNA. Aspects
of this model have been supported, but non-CpG methylation
(54, 60) and methylation heterogeneity evidenced by partially
methylated sites (56, 63) challenge the model (39). How meth-
ylation patterns are first established also remains largely a
mystery, although results of recent studies in mammals suggest
that binding of the transcription factor Sp1 can keep regions
unmethylated (5, 25).
The fungus Neurospora crassa provides an excellent system

to study DNA methylation. Most of the genome appears de-
void of methylation; however, several densely methylated en-
dogenous sequences have been described, including the z-h

and c63 regions and the tandemly organized genes coding for
rRNA (rDNA) (14, 32, 37, 47). The z-h (17) and c63 regions
(25b) and most or all other methylated sequences in N. crassa
(39a) appear to be relics of repeat-induced point mutation
(RIP). RIP is a premeiotic process that detects sequence du-
plications and then makes numerous G:C to A:T mutations
in both duplicated sequences (7, 40, 41). Methylation is typi-
cally, but not invariably, associated with products of RIP (41,
44).
DNA methylation in N. crassa has several interesting fea-

tures. First, m5C is neither limited to CpG dinucleotides (47)
nor preferentially located in any particular oligonucleotide se-
quence (43). Second, the methylation pattern in methylated
sequences is highly heterogeneous in clonal cultures (47).
Third, at least some methylated chromosomal regions contain
portable signals for de novo methylation (e.g., z-h, c63, and an
allele of flank that arose by RIP in the laboratory), as demon-
strated by DNA-mediated transformation experiments (8, 26,
41). De novo methylation occurred after these products of RIP
had been cloned, amplified in Escherichia coli (thereby strip-
ping them of methylation), and then reintroduced into vege-
tative N. crassa cells. These observations suggested that N.
crassa has an active de novo methylation system in vegetative
cells and possibly no maintenance methylase.
To investigate how point mutations cause methylation, we

induced RIP in the NADP-specific glutamate dehydrogenase
(am) gene and characterized methylated and unmethylated am
alleles at the DNA sequence level. We reasoned that this
collection of am alleles would illustrate what distinguishes
methylated from unmethylated DNA in the Neurospora ge-
nome, thereby providing insight into how methylation is con-
trolled. The am gene was chosen because it is well character-
ized and because a method for targeted gene replacement at
am had been developed (26). We also asked whether the meth-
ylation detected in the new am alleles reflected creation of
signals for de novo methylation or action of a maintenance
methylation mechanism. Evidence of both was obtained.
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MATERIALS AND METHODS

Strains, culturing of N. crassa, DNA isolation, and Southern hybridization.
Transformant T-510-5.6 (44), a strain containing an ectopic copy of am, was
crossed with strains containing a copy of am at the native location (N150 or J857)
to produce strains (N250, N276, and N277) with two functional copies of am (see
Table 1). T-510-5.6 was crossed to tester strains, and the ectopic copy of am
showed'1.2% linkage to pan-2 and'10% linkage to ylo-1 (on linkage group VI;
data not shown). The am allele in N617 (amRIP8) was referred to as amRIP-8M

elsewhere (43).
N. crassa was cultured by standard methods (9). Procedures for DNA isolation

and Southern hybridization were described previously (14). For the 5-azacytidine
(5AC) experiments, liquid media containing 2% sucrose, 13 Vogel’s salts, the
appropriate amino acid supplements, inositol, and 24 mM 5AC were inoculated
with a loop of conidia and incubated at 258C for 40 h with shaking at 250 rpm.
Plasmids for targeted transformation. The 5.2-kb PstI-HindIII fragment of

pJR3, including the am gene, was inserted into a modified pTZ18U vector (with
the BamHI and EcoRI sites destroyed by filling in) to create pMS2. Fragments
of approximately 2.7 kb from amRIP3, amRIP4, amRIP5, amRIP7, and amRIP8 alleles
were amplified by PCR and cleaved with BamHI. The 2.6-kb BamHI fragments
of these mutant alleles were then substituted for the same fragment in pMS2 to
create pMS8, pMS10, pMS12, pMS13, and pBM7, respectively. Targeted trans-
formation was performed as described previously (26).
PCR and sequencing. Alleles of am occupying the native site were amplified

with primers outside the duplicated region (nucleotides 62 to 2624). PCR prod-
ucts were sequenced directly, as described elsewhere (43), except that PCR
products of amRIP1 were sequenced at Oregon State University Central Facilities
by using the dye incorporation method and an ABI automated sequencer. The
following oligonucleotides were used for PCR and sequencing (am sequence
coordinates in parentheses): GTCCAGGCGTTCCCATGTTC (279 to 260),
GATCCGATGTCACGGACAAG (2 to 21), CGAGAYAAGAYAGACGGA
AT (93 to 74), GAAAGCTGTGCCCTCTCTGG (213 to 232), GCCTGCTC
GAACTCGGGCTC (376 to 357), GCGTGTCATTCAGTTCCGTG (536 to
555), GGTTGACCTGGACGTTGCCG (594 to 575), TCCGTCAACCTTTC
CATTCT (660 to 679), GCGCTTTCATGGCCGAGCTT (866 to 885), GTTA
CGGTCTTGTTTACTAC (1058 to 1077), GGGCAACGCGCTTGCCAGCG
(1135 to 1116), CTGGAAGCTGGTAAGGGACT (1320 to 1301), TTCGTCG
CTGAGGGTTCCAA (1459 to 1478), TTGAGAACAACCGCAAGGAG (1511
to 1530), TTGCGGTTGTTCTCAAAGAC (1526 to 1507), GACTCAGGCT
GAGGTTGACG (1635 to 1654), GGAAGCTCGCCCTCAGCAGC (1742 to
1723), AATGGTGTCATTTCACCGTT (1830 to 1849), TTTAATRAGAATR
GAAA (1848 to 1864), AACTCCGGCCCGTGATTTTC (1923 to 1904), ACA
TTTATTGACGTCCAATT (2160 to 2141), GTTRGTACCCGCAGCTTTRG
(2271 to 2290), CATGATCAGGTGTTGTCTGC (2359 to 2340), TCGTTRGY
ATRACTCGAGAT (2553 to 2572), AGAGAGCATCGTCTCAAAGC (2669 to
2650).
Computerized sequence analyses. Window analyses and other standard anal-

yses were performed with the University of Wisconsin Genetics Computer
Group Software Package. The sequences of 97 nonribosomal N. crassa genes,
totaling 210 kb, were used as controls. Their GenBank names are as follows:
NEU16DNA, NEUACU5, NEUACU8, NEUAL1A, NEUAL3, NEUALCA,
NEUAM, NEUAMG, NEUAMM, NEUAMTR, NEUATPASE, NEUATPC,
NEUATPPM, NEUATPPRO, NEUCAM, NEUCCON13, NEUCI1, NEU
COMPI, NEUCON10A, NEUCON8, NEUCOX4, NEUCOX5, NEUCOX6,
NEUCPC, NEUCRP1G, NEUCRP2, NEUCRP3, NEUCYCGEN, NEUCY
CLO, NEUCYT21, NEUCYTC1R, NEUCYTCG, NEUCYTCR, NEUGR
G1G, NEUH341, NEUH342, NEUHIS3, NEUHSP30, NEULCC, NEULCCA,
NEULCCB, NEULEURS, NEULEURSC, NEULEURSD, NEUMET, NEU
METC, NEUMETCA, NEUMOM72, NEUMPPX, NEUMTA1A, NEUMUT,
NEUNADGDH, NEUNC01, NEUNDU51, NEUNDU78, NEUNHU18, NEU
NIT4A, NEUNUC1, NEUNUO12, NEUNUO32, NEUNUO40, NEUNUO49,
NEUNURI, NEUODC, NEUODCA, NEUPEP, NEUPHO4A, NEUPHR,
NEUPORIN, NEUPSAS, NEUPYR4, NEUPYR4G, NEUQA, NEUQA1SRA,
NEUQA2WT, NEUQA4, NEUQAX2, NEUQAX3, NEURAS, NEURIPB1,
NEURIPB2, NEURPSSU, NEUSOD1, NEUTGFF3, NEUTGL, NEUTRP1,
NEUTRP3A, NEUTUBB, NEUTYRA, NEUTYRB, NEUTYRSM, NEU
UBI3, NEUUBQ, NEUUCYCR, NEUVMA1A, NEUVMA2A, and NEUXXX.
The Gentlben program, which was kindly provided by John Anderson (Purdue

University), was used to calculate DNA bending from nucleotide sequence (see
reference 58). The algorithm for calculating bending uses parameters of the
wedge model for bent DNA (57). The ENDS ratio, defined as the ratio of
contour length of a nucleotide segment along the axis to the shortest distance
between ends of the segment, is the measure of curvature. ENDS ratios were
computed at a window width of 120 nucleotides and at a window step of 10
nucleotides.
The Thermodyn program, which was kindly provided by David Kowalski (27),

was used to examine helical stabilities of methylated and unmethylated am alleles
generated in this study.
Two programs were used to search for oligonucleotide signal sequences. The

Cohomology program, which was kindly provided by David Hagen (University of
Oregon), was used to search for oligonucleotide sequences of specified lengths
that were common to alleles amRIP5, amRIP6, amRIP7, and amRIP8. The program

discarded all sequences that were found in any of wild-type am, amRIP1, amRIP2,
amRIP3, or amRIP4. The reverse searches were also performed. We searched for
5- to 20-bp sequences, allowing zero to six mismatches. Candidate sequences
were then sought in published Neurospora gene sequences known to be methyl-
ated or unmethylated. ‘‘Signal’’ (25a) operates similarly; however, a maximum of
two mismatches was allowed, and the sequences of several other methylated and
unmethylated Neurospora genes were included in the searches (z-h and c63 were
included in the methylated group, and acu8, cpc-1, cys-3,mt a-1,mtr, u, tub-2, and
the qa gene cluster were included in the unmethylated group).
Nucleotide sequence accession numbers. The data base accession numbers

assigned by GenBank to amRIP1 through amRIP8 are, respectively, U32099
through U32106.

RESULTS

Isolation and characterization of Am2 strains. To generate
a collection of am alleles resulting from RIP, we crossed an
am1 nonduplication strain with strains containing, in addition
to the native am gene, an ectopic functional copy of the am
gene introduced by transformation (44) (Fig. 1). Two classes of
Am2 progeny were expected, i.e., one class with two defective
copies of am and the other class with a defective allele of am
at the native site only. We screened progeny for the Am2

phenotype and assayed the mutant strains for methylation at
am by Southern hybridization, using the isoschizomers MboI
and Sau3AI. Both enzymes cut unmethylated GATC sites, but
only MboI can cut when a cytosine in the site is methylated
(29). MboI digests were also used to determine am copy num-
ber and to provide a first indication of mutations by RIP. The
am gene is contained within a 2.6-kb BamHI fragment that is

FIG. 1. Diagram of RIP in the Neurospora am gene. Two haploid strains of
opposite mating types are illustrated, one containing an unlinked 2.6-kb dupli-
cation including the Neurospora am gene (open boxes). For clarity, only two
chromosomes are shown. The native allele of am is on chromosome V (solid
line), and the ectopic copy is on chromosome VI (dashed line [48a]). The
lightning bolt indicates the time that RIP occurs, and the filled boxes indicate
new alleles of am created by RIP. The four possible combinations of chromo-
somes in progeny are represented in the panels labeled a to d, and the expected
phenotypes are indicated below them.
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FIG. 2. Extensive DNA methylation in amRIP alleles. (A to D) Southern hybridizations. Genomic DNA samples of strains N664 (amRIP1 [lanes 1]), N665 (amRIP2

[lanes 2]), N666 (amRIP3 [lanes 3]), N669 (amRIP4 [lanes 4]), N672 (amRIP5 [lanes 5]), N675 (amRIP6 [lanes 6]), N676 (amRIP7 [lanes 7]), N617 (amRIP8 [lanes 8]), N679
(amRIP9 [lanes 9]), N680 (amRIP10 [lanes 10]), N150 (P1), and N276 (P2) were digested withMboI (M) or Sau3A1 (S), processed for Southern hybridization, and probed
with radiolabeled fragments from the 2.6-kb BamHI fragment including the entire am coding region (A), the 1.2-kb HindIII-BamHI fragment from the am upstream
region (B), the 1.4-kb BamHI-PstI fragment from the downstream region of am (C), and the 7-kb PstI fragment from the quinic acid (qa) gene cluster (D). The positions
of molecular size standards (in kilobases) are shown. (E) Map of the wild-type am region showing restriction sites for HindIII (H), BamHI (B), BglII (G), and PstI (P)
above the thin horizontal line. MboI-Sau3AI sites with expected lengths of MboI fragments (in base pairs) corresponding to visible bands are indicated below the thin
line. The thick lines depict the probes used in the indicated panels (A to C), and the asterisks indicate the boundaries of the duplication.
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slightly longer than the duplicated region (62 bp longer up-
stream of am and 20 bp longer downstream of am [14a]). The
wild-type am gene includes nine MboI-Sau3AI sites yielding
three MboI fragments (400, 700, and 1,000 bp) that are readily
detectable by Southern hybridization (Fig. 2). An additional
1.4-kb MboI band, which is indicative of the ectopic copy of
am, is visible in blots of the two-copy parent and mutant strains
N666, N669, N672, N676, N679, and N680 (Fig. 2; Table 1).
Novel MboI fragments were detected in 51 of 65 Am2 strains,
reflecting point mutations at MboI-Sau3AI sites (sequence
data presented below). Strains N617, N665, N666, N669, N679,
and N680 are examples of this class (Fig. 2).
No DNA methylation was detected at Sau3AI sites in am

genes of the parent strains, in agreement with results of pre-
vious experiments (44). In contrast, of 59 Am2 progeny exam-
ined by Southern hybridization, all but four showed methyl-
ation at am, and the methylation was generally very heavy (all
sites tested were blocked in .80% of the molecules; data not
shown). We chose 10 strains that appeared to represent the full
range of methylation levels for detailed analyses. Mutants
N664 and N665 were chosen to represent strains with no ap-
parent methylation. In each of these, no methylation was de-
tected at 42 sites in the am region, including Sau3AI (Fig. 2A),
BglII (Fig. 3A),MspI (Fig. 3C), AatII, AvaI, BamHI, and HpaII
sites (data not shown). Two single-copy strains (N617 and
N675) and six two-copy strains (N666, N669, N672, N676,
N679, and N680) were chosen to represent the methylated
class (Fig. 2A). The methylation at am in N666 is light, as
indicated by the similarity between the hybridization patterns
obtained with Sau3AI and MboI. In contrast, differences be-
tween MboI and Sau3AI digestion products revealed heavy
methylation in strain N617. To control for complete digestion,

all blots made in this study were stripped and reprobed with
DNA from an unmethylated region (the qa-2 gene region [15]
[Fig. 2D and data not shown]). In general, the ladder of bands
from '1.5 to 4 kb in the Sau3AI lanes of Fig. 2A indicate a
heterogeneous population of molecules with methylation at
some fraction of the numerous sites in the am region. Thus, the
digests do not simply reflect a mixture of unmethylated and
completely methylated molecules. Similar results were ob-
tained with other enzymes sensitive to cytosine methylation,
including MspI (Fig. 3C and D), AvaI, and HhaI (data not
shown). Because isoschizomers that are insensitive to cytosine
methylation are not available for these enzymes, we compared
the digests with those prepared from DNA samples of cultures
grown in the presence of 5AC, which prevents methylation (22,
47).
To focus on the native copy of am in strains containing two

copies and to ascertain the extent of methylation outside the
duplication, we probed blots with the unique sequences flank-
ing the native am locus (Fig. 2B and C). For brevity, the am
alleles at the native locus in strains N664, N665, N666, N669,
N672, N675, N676, N617, N679, and N680 are referred to
as amRIP1, amRIP2, amRIP3, amRIP4, amRIP5, amRIP6, amRIP7,
amRIP8, amRIP9, and amRIP10, respectively, throughout (Table
1). The 3- to 3.5-kb bands seen in the Sau3AI lanes of Fig. 2B
and C (strong in amRIP5 to amRIP10 and weak in amRIP3 and
amRIP4) result from blockage of all Sau3AI sites in the 2.6-kb
BamHI fragment but cleavage within 1 kb on either side of this
BamHI fragment (Fig. 2E). The prominent 800-bp bands in the
MboI and Sau3AI lanes in Fig. 2B result from cutting at a site
approximately 900 bp upstream of the duplication and one of
two sites approximately 90 bp upstream of the duplication. No
methylation was detected at these two sites in amRIP1 and

TABLE 1. N. crassa strains useda

Strain Native am Ectopic am Other marker(s) Derivation Source or reference

N39 WT None A; fl Laboratory collection
N113 WT None A; cot-1; inl; trp-1; ylo-1 FGSC 1987
N150 WT None A FGSC 2489
N250 WT WT a; cot-1; inl; lys-1 N268 3 J857 Laboratory collection
N261 WT None A; lys-1 J. Kinsey
N262 WT None a; lys-1 J. Kinsey
N268 None WT a; inl T-510 5.6 44
N276 WT WT a N268 3 N150 Laboratory collection
N277 WT WT A N268 3 N150 Laboratory collection
N408 WT None A; lys-1 Laboratory collection
N617 amRIP8 None a; lys-1 N276 3 N261 43
N662 amRIP8 None A; lys-1 N408 1 pBM7 This study
N663 amRIP8 None A; lys-1 N408 1 pBM7 This study
N664 amRIP1 None A; cot-1; trp-1 ylo-1 N276 3 N113 This study
N665 amRIP2 None a; inl; lys-1 N250 3 N39 This study
N666 amRIP3 amRIPec3 a; inl; lys-1 N250 3 N39 This study
N667 amRIP3 None A; lys-1 N408 1 pMS8 This study
N668 amRIP3 None A; lys-1 N408 1 pMS8 This study
N669 amRIP4 amRIPec4 a; lys-1 N277 3 N262 This study
N670 amRIP4 None A; lys-1 N408 1 pMS10 This study
N671 amRIP4 None A; lys-1 N408 1 pMS10 This study
N672 amRIP5 amRIPec5 A; lys-1 N277 3 N262 This study
N673 amRIP5 None A; lys-1 N408 1 pMS12 This study
N674 amRIP5 None A; lys-1 N408 1 pMS12 This study
N675 amRIP6 None A; cot-1; inl; lys-1 N250 3 N39 This study
N676 amRIP7 amRIPec7 A; lys-1 N277 3 N262 This study
N677 amRIP7 None A; lys-1 N408 1 pMS13 This study
N678 amRIP7 None A; lys-1 N408 1 pMS13 This study
N679 amRIP9 amRIPec9 a; lys-1 N276 3 N261 This study
N680 amRIP10 amRIPec10 a; lys-1 N277 3 N262 This study

aWT, wild type; FGSC, Fungal Genetic Stock Center.
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amRIP2. Very little methylation was detected in amRIP3 and
amRIP4, and heavier, but incomplete methylation was found in
amRIP5 to amRIP10. Probing of the same blot with fragments
from farther upstream and downstream of the duplication re-

vealed light methylation at Sau3AI sites 900 bp upstream and
570 bp downstream of the duplication in amRIP3 to amRIP10

(data not shown).
To confirm the methylation in amRIP3 and amRIP4 and to

compare the degrees of methylation in the methylated amRIP

alleles, we used BglII, which has one site in the duplicated
region, and probed with the unique DNA 59 to the duplicated
segment of am (Fig. 3A). Cleavage of the BglII site in am
results in an'5-kb fragment, while blockage of this site results
in an '10-kb fragment. The amRIP3 to amRIP8 alleles were all
methylated at the BglII site; however, the degree of methyl-
ation differed significantly. The detection of both 5- and 10-kb
fragments in amRIP3 to amRIP7 reflects heterogeneity at the
BglII site within the clonal cultures. In amRIP3, amRIP4, and
amRIP7, the majority of the hybridization was in the 5-kb band,
indicating that a minority of the molecules was methylated at
the BglII site. A greater fraction of the molecules was methyl-
ated at the BglII sites in amRIP5 and amRIP6, and this site
appeared to be completely methylated in amRIP8 (Fig. 3A).
Remethylation after 5AC treatment. The presence of meth-

ylation at am in the mutant strains could be explained in two
ways. (i) Methylation arose in the sexual cycle and was then
maintained by a system that depends upon existing methylation
for its propagation in vegetative cells (maintenance methyl-
ation). (ii) RIP created a signal for de novo DNA methylation
that works in vegetative cells; thus, the methylation reflected
de novo methylation after every replication cycle (reiterative
de novo methylation). To distinguish between these possibili-
ties, we tested whether methylation would return after being
prevented by growth in the presence of 5AC. DNA samples
were prepared from 5AC cultures and from cultures grown
after one passage in the absence of the drug. The 5AC treat-
ment caused almost complete loss of methylation, as expected
(Fig. 4). The alleles amRIP5 to amRIP8 regained methylation
after 5AC treatment, suggesting that these alleles directed de
novo methylation. In contrast, the am alleles at neither the
native (amRIP3 and amRIP4) nor the ectopic (amRIPec3 and
amRIPec4) loci in strains N666 and N669 regained methylation.
Propagation of these two strains for three more passages with-
out 5AC did not result in methylation (data not shown). These
results suggest that the methylation at am in two of six mutant
strains was propagated by a maintenance methylation system
not limited to CpG dinucleotides.
De novo methylation of some amRIP alleles occurs after

reintroduction into vegetative N. crassa cells. It was conceiv-
able that the remethylation observed in the previous experi-
ment was dependent on residual methylation that remained
after 5AC treatment. In addition, remethylation in amRIP5 and
amRIP7 might have required the presence of ectopic copies of
am. To address these possibilities, we asked whether com-
pletely unmethylated amRIP alleles placed at the native am
locus would induce de novo methylation in vegetative N. crassa
cells lacking homologous sequences. We used a gene replace-
ment system (26) to target amRIP alleles to the native am locus.
The transforming DNA was amplified in E. coli and was thus
unmethylated except at dcm, hsd, and dam sites. Two or more
independent Am2 transformants of N. crassa N408 were se-
lected to represent each construct. To verify that each of the
transformants contained a clean replacement at am, we com-
pared the sizes of am fragments in digests of the transformants
and the host strain using enzymes that cleave outside the re-
gion of interest. A 6-kb PstI fragment was detected in the am
region of the host strain and in the transformants generated
with amRIP3, amRIP4, amRIP5, and amRIP7 DNA (Fig. 5A).
Therefore, no am sequences integrated ectopically, and no net
deletion or insertion occurred at the am loci in these transfor-

FIG. 3. Verification of methylation in amRIP alleles at the native locus, and
methylation at MspI sites. (A) Southern hybridization of genomic DNA samples
from eight strains containing amRIP alleles (lanes 1 to 8) or parent strains
containing one or two copies of am (lanes P1 and P2), digested with BglII and
probed with the HindIII-BamHI fragment corresponding to the unique se-
quences upstream of the native am gene. (B) Map indicating the BamHI (B),
BglII (B), HindIII (H), and PstI (P) sites in wild-type am, the duplication bound-
aries (asterisk), and the probe (thick line). (C) Southern hybridization of DNA
samples from cultures grown with (1) or without (2) 5AC, digested with MspI,
and probed with the 2.6-kb BamHI fragment. (D) Map of am showing the MspI
sites (below the horizontal line) and the sizes of the expected fragments (in base
pairs) corresponding to the visible bands in wild-type am.
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mants. PvuII was used to test transformants that were gener-
ated with amRIP8 DNA, because RIP had created a PstI site in
amRIP8.
To verify that the transforming DNA replaced the native am

gene, we took advantage of restriction site changes created by
RIP. MseI was used to demonstrate that a mutation character-
istic of amRIP7 is present in transformants N677 and N678 (Fig.
5B) and a mutation characteristic of amRIP3 is present in trans-
formants N667 and N668. In addition, mutations at nucleotide
positions 428 and 2031 in amRIP3 were verified in transfor-
mants N667 and N668 by using AluI and EcoRI (data not
shown). These mutations flank 41 of the 45 mutations in
amRIP3 (sequence data described below). Allele amRIP5 con-
tains two novel HindIII sites, and these sites were verified in
N673 and N674 (Fig. 5B). A mutation at position 2356 in
amRIP8 destroyed an MboI site and resulted in loss of the
1.0-kb fragment and gain of the 1.2-kb MboI fragment (Fig.
5C). Transformants N662 and N663 show this characteristic
MboI fragment. The native site allele in amRIP4 has a novel
300-bp MboI fragment, and this fragment was detected in
transformants N670 and N671. In addition, the 59-most and
39-most mutations in amRIP4 were verified in N670 by DNA
sequencing as described in Materials and Methods.
Assays for methylation revealed that alleles amRIP5, amRIP7,

and amRIP8 became methylated de novo in the respective trans-
formants and that the methylation appeared to be equivalent
to that in the strains from which the sequences were cloned
(Fig. 5C). Thus, methylation of these alleles did not require
prior methylation or the presence of an ectopic copy of am.
Alleles amRIP3 and amRIP4 did not become methylated in the
respective transformants, in keeping with the results of the
5AC experiment. We conclude that these alleles cannot trigger
de novo methylation in vegetative cells.

DNA sequence analysis of amRIP alleles.We determined the
complete DNA sequences of amRIP1 to amRIP8 (Fig. 6). All
mutations were G:C to A:T as expected from RIP (7). The
numbers of mutations ranged from 8 to 158, resulting in 0.3 to
6.0% reduction of the G1C content in the duplicated segment
of the am locus. Segments of amRIP9 and amRIP10 were also
sequenced, and the density of mutations appeared to be at
least as high as that in amRIP8 (data not shown). All of the
mutations in amRIP1, amRIP3, amRIP4, amRIP6, and amRIP7 were
G-to-A changes on the coding strand, and all of the mutations
in amRIP2, amRIP5, and amRIP8 were C-to-T changes on the
coding strand. Alleles amRIP9 and amRIP10 contain both G-to-A
and C-to-T changes on the coding strand (data not shown). As
expected on the basis of results of Southern hybridizations in
previous studies (8), mutations identified in segments of ec-
topic alleles (amRIPec3, amRIPec4, amRIPec5, and amRIPec7) were
not identical to those in their partners (data not shown). The
mutations appeared to be randomly distributed, except for two
aspects. The dinucleotide preference of RIP observed
(CpA..CpT.CpG..CpC) was consistent with the results
of previous studies (7). The density of mutations reflected the
density of the preferred targets for RIP (CpA dinucleotides),
except near the edges of the duplication, where the density of
mutations was lower. The spacing between mutations appeared
to be random, when codon usage was accounted for. Two
mutations in amRIP8 occurred outside the duplication bound-
ary (Fig. 7).
Of the eight amRIP alleles that we sequenced completely,

only amRIP1 lacks nonsense mutations. Most mutations were
silent in alleles that had only C-to-T changes on the coding
strand. Of 157 C-to-T changes on the coding strand, 117 (75%)
were silent, 24 (15%) were missense, and 16 (10%) were non-
sense mutations. In contrast, of 186 G-to-A changes on the

FIG. 4. Some amRIP alleles undergo de novo methylation after 5AC treatment. Four genomic DNA samples of strains N664 (amRIP1 [set 1]), N665 (amRIP2 [set 2]),
N666 (amRIP3 [set 3]), N669 (amRIP4 [set 4]), N672 (amRIP5 [set 5]), N675 (amRIP6 [set 6]), N676 (amRIP7 [set 7]), N617 (amRIP8 [set 8]), and N276 (parental duplicate
am strain [set P2]) and two samples of N150 (wild type [set P1]) were digested with MboI (M) or Sau3AI (S), processed for Southern hybridization, and probed with
the 2.6-kb BamHI fragment of am. From left to right are two DNA samples prepared from normally grown tissue (2), from cultures grown in the presence of 5AC
(1), and from cultures grown subsequently without 5AC treatment (p).

VOL. 15, 1995 DNA METHYLATION ASSOCIATED WITH RIP 5591



coding strand, 20 (11%) were silent, 151 (81%) were missense,
and 16 (9%) were nonsense mutations. This difference is at-
tributable to codon usage. Cytosine occupies the third position
in 50% of the am codons, and guanosine occupies the first
position in 40% of the am codons.
DNA sequence analyses.We carried out a variety of analyses

to investigate why alleles amRIP5 to amRIP8 direct de novo
methylation, unlike amRIP1 to amRIP4, wild-type am, and ap-
parently the bulk of the Neurospora genome. The correlation
between methylation and the severity of RIP led us to consider
A1T density and TpA density as potential determinants for
methylation (Table 2). We determined the A1T contents of
the amRIP sequences in windows of 10, 20, 40, 50, 100, 200, 400,
500, 700, or 1,000 bp. The various alleles showed similar base
composition patterns, as illustrated with plots from analyses
with 100-bp windows (Fig. 8). Maximum A1T density and
TpA density values for each allele, at representative window
sizes, are shown in Table 2. Alleles amRIP5 to amRIP8 have
higher peak densities of A1T in 500-, 700-, and 1,000-bp seg-
ments than any known unmethylated Neurospora sequences
(see Materials and Methods). At smaller window sizes, some
unmethylated Neurospora sequences have higher densities of
A1T than amRIP5 to amRIP8. Similar analyses were performed

to examine TpA density in amRIP alleles. At window sizes of
600 and 1,000 bp, amRIP5 to amRIP8 contain higher densities of
TpA than amRIP1 to amRIP4 and all other known unmethylated
Neurospora sequences. No obvious correlation was observed
between methylation and the frequency of any other dinucle-
otides or any trinucleotides.
The density of A1T varies greatly across the am gene in the

wild-type allele. The differences between alleles appear rela-
tively insignificant against the variation seen across the am
gene. Intrinsic DNA bends are associated with periodically
spaced A1T tracts (18). To explore the possibility that RIP
created intrinsic DNA bends, we analyzed the amRIP sequences
with the Gentlben program (58). No bent regions were pre-
dicted in the wild-type am gene or any amRIP alleles.
We also compared the helical instability of the methylated

and unmethylated am alleles using the Thermodyn program
described by Miller and Kowalski (27). This program calculates
the free-energy requirement for DNA strand separation on the
basis of known thermodynamic properties of nearest-neighbor
dinucleotides. No obvious distinction between the methylated
and unmethylated alleles was detected with this program (data
not shown).
Computer algorithms were used to search for oligonucleo-

FIG. 5. Gene replacements at am. Genomic DNA samples from the indi-
cated strains were digested with the indicated restriction enzymes (abbreviated as
indicated in the legend to Fig. 2), processed for Southern hybridizations, and
probed with the 2.6-kb BamHI fragment of the am locus. (A) Southern hybrid-
ization demonstrating no gross deletions, insertions, or rearrangements at the
native am locus and no ectopic insertions of am DNA. Pairs of transformants
obtained with DNA from the indicated amRIP alleles (allele numbers at top) were
compared with the transformation host (H). (B) Southern hybridization demon-
strating replacement of the wild-type am allele with amRIP alleles. Arrows point
to novel bands in the amRIP alleles (see text and maps in panel D). (C) De novo
methylation of some amRIP alleles in Neurospora transformants. DNA samples
from the indicated strains were analyzed as described in the legend to Fig. 2A.
Arrows point to novel MboI fragments in amRIP4 and amRIP8 (see text and maps
in panel D). The novel 300-bpMboI fragment in strain N666 is due to a mutation
in the ectopic allele amRIPec3, which was not cloned; thus, transformants N667
and N668 do not contain this MboI fragment. (D) Map of the am locus and the
sites for MseI, HindIII, and MboI in wild-type am and the relevant amRIP alleles,
along with the sizes of fragments that produce visible bands. See the legend to
Fig. 7 for definitions of the letters M and U in the allele designations.
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FIG. 6. DNA sequences of amRIP alleles. The wild-type sequence (W) is shown in full (top), and identity with the mutant alleles (1 to 8) is indicated by dots.
Mutations in the alleles are indicated by the appropriate letters. The numbering system is according to the published sequence of the 2.6-kb BamHI fragment (23).
Differences from the published sequence and GenBank mistakes are mentioned by Selker et al. (43). A 100-bp total of new sequence, outside the downstream BamHI
site, is shown. Alleles amRIP2, amRIP3, and amRIP6 and the functional allele of am from which they were derived (in N250) contain three additional nucleotides, CTC,
in the 39 noncoding region of am (after nucleotide 2151).
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tide sequences (5 to 20 bp) common to amRIP5 to amRIP8 but
absent in wild-type am and amRIP1 to amRIP4 (see Materials
and Methods). Several candidate oligonucleotide sequences
were identified in the initial searches; however, these se-
quences also occur in Neurospora genes that are not methyl-
ated. We also performed the reverse analysis and found no
oligonucleotide sequence in unmethylated sequences that is
absent in all methylated sequences.

DISCUSSION

We have been investigating the specificity and control of
DNA methylation in N. crassa. Cytosine methylation is typi-
cally found in sequences altered by RIP (45), and results of
previous work demonstrated that several products of RIP serve
as portable signals for de novo methylation (8, 17, 26, 41). To
investigate how related sequences differentially govern meth-
ylation, we carried out a systematic study of sequences altered
by RIP. Among eight null amRIP alleles examined, 0.3 to 6.0%
of the G:C base pairs were mutated in a single sexual cycle.
This range of mutation may be unusually low, since we biased
our sampling against alleles that appeared to be the most
severely altered. We found that C-to-T changes on the coding
strand typically occur in the third base of codons and result in
silent mutations. This is attributable to codon usage in N.
crassa; codons with C in the final position are highly overrep-
resented (10). Therefore, when RIP causes relatively low num-
bers of C-to-T changes on only the coding strand, the impact
on the protein may be subtle. Indeed, a weak allele of am has
been generated by RIP (13).
The single polarity of mutations (G to A or C to T) with

respect to the coding strand in eight alleles indicates that RIP
causes only one type of mutation, as suggested previously from
limited data (7, 21). It is formally possible that RIP acted on
only one strand in these alleles; however, it seems simpler to
suppose that RIP acted on both strands but that the resulting
mismatches were not repaired. The finding of both polarities of
mutations in the more heavily mutated sequences (amRIP9 and
amRIP10; flank described by Cambareri et al. [8]) can be ex-
plained by multiple rounds of RIP in a sexual cycle. This would
be consistent with the fact that RIP occurs in dikaryotic tissue
that undergoes multiple divisions before karyogamy (31, 41).
The observations that methylation occurs at nonsymmetrical

sites in N. crassa and that methylation is heterogeneous indi-
cated that the methylation could not be propagated by a main-
tenance methylase in the manner proposed by Riggs (36) and

FIG. 7. Diagram of mutations in eight amRIP alleles and a map representing features of the am gene. Vertical slashes represent mutations in the alleles. M
(methylated) and U (unmethylated) refer, respectively, to the methylation status of the allele in the strain initially isolated and to the methylation status after 5AC
treatment and subsequent growth in the absence of the drug. The horizontal line at the bottom represents the 2.7-kb region that was sequenced, including the 2.6-kb
BamHI fragment and 100 bp downstream. Exons (thick bars) of the am gene, the extent of the duplication (striped bars), transcription start site (arrow), and a scale
bar are indicated.

TABLE 2. Statistics for methylated and unmethylated sequences

Allelea No. of
mutationsb

Maximum A1T content
(%)

Maximum
no. of TpA

Entire
sequencec

100
bpd

500
bpe

100
bpf

600
bpg

am1 0 46 63 58 8 31
amRIP1UU 8 46 63 58 9 32
amRIP2UU 21 47 65 60 11 38
amRIP3MU 45 48 66 58 10 38
amRIP4MU 56 48 67 60 14 43
amRIP5MM 84 49 70 62 13 46
amRIP6MM 86 49 68 62 15 56
amRIP7MM 86 49 67 62 15 48
amRIP8MM 158 52 72 72 16 59
qa NA 49 83 60 12 33
u NA 53 64 56 12 44
z-h NA 67 89 77 26 116

a See the legend to Fig. 7 for definitions of the letters M and U in the allele
designations.
b Number of mutations (by RIP) in the am alleles. NA, not applicable.
c The A1T contents were calculated for am (2.6-kb BamHI fragment), the

unmethylated qa gene cluster (positions 1 to 5000), the unmethylated u region
(957 bp), and the methylated z-h region (1.6 kb).
d Peak values of A1T contents in 100-bp windows.
e Peak values of A1T contents in 500-bp windows.
f Peak numbers of TpA dinucleotides in 100-bp windows.
g Peak numbers of TpA dinucleotides in 600-bp windows.
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Holliday and Pugh (20). These observations also raised the
possibility that the methylation observed in N. crassa is due to
reiterative de novo methylation. DNA-mediated transforma-
tion experiments, first with z-h (45, 46) and later with other
products of RIP (8, 26), demonstrated sequence-dependent de
novo methylation in vegetative N. crassa cells. Sequence-de-
pendent de novo methylation in animal cells has also been
observed (53, 55). We initiated this study to investigate the
numbers and positions of mutations that are sufficient to in-
duce de novo methylation. The am alleles in our collection
with at least 84 mutations were substrates for de novo meth-
ylation, while am alleles with 56 or fewer mutations were not.
What is the trigger for de novo methylation in vegetative

Neurospora cells at the DNA sequence level? Several models
can be ruled out. No single mutation site is common to amRIP5

to amRIP8; therefore, no single nucleotide in am is a switch that
regulates the methylation state of the locus. Mutations in the
promoter region are apparently not necessary for methylation
of am, since all mutations in amRIP6 and amRIP8 are at least 145
and 174 bp, respectively, downstream of the transcription start
site. This finding suggests that the normal protein-DNA inter-
actions in the promoter do not prevent methylation, in conflict
with one class of models (39). The absence of transcription is
not sufficient to trigger methylation, since unmethylated tran-
scriptionally silent sequences have been identified (42, 47).

Models in which DNA methylation is triggered by a single,
simple regulatory sequence do not easily account for the con-
tinuum of methylation levels observed. Nevertheless, we em-
ployed a number of approaches to explore the possibility that
a single copy of an oligonucleotide sequence common to all
methylated am alleles is the signal for de novo methylation in
N. crassa. No candidate was found. The possibility remains that
there are different signal sequences in different methylated
regions. Models that involve multiple specific oligonucleotide
sequences acting in concert to signal methylation are consis-
tent with the data but difficult to test.
Models for de novo methylation involving highly degenerate

discontinuous signals are most attractive because they can ex-
plain (i) the continuum of methylation levels observed and (ii)
the high frequency with which rather nonspecific mutations,
caused by RIP, create de novo methylation signals. Because
RIP causes G:C-to-A:T changes and typically changes CpA to
TpA, we considered the possibilities that methylation is sig-
naled by (i) intrinsic DNA bends, (ii) high A1T density, (iii)
helical instability, or (iv) high TpA density.
Periodically spaced tracts of A’s and T’s are associated with

intrinsic DNA bends (for a review, see reference 18). No bends
were predicted in any of the amRIP alleles, suggesting that such
structures are not involved in control of methylation in Neu-
rospora cells. It is possible that some other type of DNA struc-
ture is crucial for establishment and/or maintenance of meth-
ylation. Z-DNA is stabilized by cytosine methylation (2),
making it an attractive candidate for a self-stabilizing switch;
however, it is not obvious that polarized transition mutations
by RIP would generate sequences prone to adopting the Z
form.
The G1C-rich CpG island sequences in mammalian DNA

are relatively resistant to methylation by mouse DNA methyl-
transferase in vitro (3). It is possible that A1T-rich and/or
TpA-rich DNA triggers de novo methylation, possibly by caus-
ing helical instability. The TpA dinucleotide is unusual in that
it is underrepresented in all organisms that have been exam-
ined (6) and in that it has the lowest stacking energy of any
dinucleotide (30). Could any DNA with a low melting point
trigger DNA methylation? This might fit with the observation
that the human cytosine methyltransferase recognizes unusual
loose structures in vitro (51). Cytosine methylation raises the
melting point of DNA (16), which should mitigate the effect
RIP has on the melting properties of DNA.
Comparisons of the base compositions and the helical sta-

bilities of methylated and unmethylated sequences did not
reveal obvious candidates for methylation signals. Neverthe-
less, we found that segments of DNA 500 to 1,000 bp long from
amRIP5 to amRIP8, z-h, and c63 have peak densities of A1T
greater than any known unmethylated Neurospora sequences
of the same sizes. Similarly, when measured in 600- to 1,000-bp
segments, amRIP5 to amRIP8, z-h, and c63 have higher densities
of TpA than amRIP1 to amRIP4 and all known unmethylated N.
crassa sequences. However, it is not clear how the cell could
differentiate between small differences in A1T and/or TpA
density in gene-size tracts of DNA. A shortcoming of this
model, in which a maximum density of A1T and/or TpA trig-
gers methylation, is that it does not account for the observation
that amRIP5 appears to be more heavily methylated than
amRIP6 and amRIP7. Perhaps a number of A1T-rich and/or
TpA-rich segments influences methylation quantitatively and
additively.
The simplest model for de novo methylation in N. crassa is

that DNA sequences or structures created by RIP signal the
methyltransferase directly. Alternatively, mutations resulting
from RIP might cause methylation indirectly via alteration of

FIG. 8. Nucleotide compositions of am1 and amRIP alleles. The frequencies
of A1T residues in successive 100-bp segments were calculated. The 100-bp
window was moved along the '2,600 bp sequences in 1-bp increments. The
positions of exons (heavy lines) and the transcription start site (arrow) are
indicated at the top.
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chromatin structure or by locally affecting a cellular process
such as DNA replication. Late replication correlates with
methylation in the inactive X chromosome and the fragile X
site Xq27.3 (49); however, a causal relationship between meth-
ylation and replication timing is not clear.
On the basis of previous results with methylated N. crassa

sequences (z-h [41], flank [7], and c63 [26]), we expected that
the primary sequence of all methylated am alleles would be
able to direct de novo methylation. Therefore, we were sur-
prised to discover that amRIP3 and amRIP4 (and the ectopic
alleles from the same strains) were insufficient for de novo
methylation in vegetative cells. The methylation in amRIP3 and
amRIP4 presumably arose in the sexual cycle and was then
somehow propagated. In the course of passaging the original
amRIP3 strain (N666), we have noticed some instability of the
methylation (unpublished data). Unstable methylation has also
been observed in N. crassa at the mtr locus in unstable Mtr2

strains that arose spontaneously (51a, 52). Methylation in the
amRIP4 to amRIP8 alleles was stable in vegetative passaging
(data not shown). Our findings with amRIP3 and amRIP4 impli-
cate a maintenance methylation system that is unlike the CpG-
based system proposed to operate in animal cells (20, 36). The
maintenance system may act on all methylated sequences in
Neurospora cells; the efficiency of de novo methylation in se-
quences such as amRIP5 to amRIP8, z-h, and c63 makes it
impossible to detect maintenance activity operating on these
sequences.
The observation of methylation in amRIP3 and amRIP4 im-

plicates de novo methylation in the Neurospora sexual cycle. It
is not yet clear, however, whether cytosine methylation is part
of the RIP mechanism. Two models for RIP are most appeal-
ing. (i) Some cytosines in duplicated sequences are deaminated
to give uracils, and then replication fixes the mutations. (ii)
Cytosines are methylated, and then some or all of these are
deaminated to give thymines. On the basis of the suggestion
that a suspected intermediate in the enzymatic methylation
reaction is more than 104 times more prone to spontaneous
deamination than is cytosine (11, 61), we proposed that RIP
may be catalyzed by a DNA methyltransferase under special
conditions, such as when the methyl group donor S-adenosyl-
methionine is limiting (40). Supporting this model, recent stud-
ies have demonstrated that two bacterial cytosine methyltrans-
ferases can catalyze deamination (48, 62).
If one assumes that methylation occurred in all amRIP alleles

during the sexual cycle, the discovery of maintenance methyl-
ation in alleles with intermediate numbers of mutations, but
not in alleles with the fewest mutations (amRIP1 and amRIP2),
raises the possibility that the maintenance system is not se-
quence independent. This was also suggested by failure to
detect propagation of methylation in arbitrary wild-type se-
quences that were methylated in vitro and introduced into N.
crassa by DNA-mediated transformation (7a). Our observation
that the methylation of amRIP4 was more stable than that of
amRIP3 further supports the suggestion of sequence-dependent
maintenance methylation in N. crassa. One model for the es-
tablishment of methylation patterns in mammals is that all
CpGs are methylated de novo at an early stage in development,
but that the methylation of some CpGs is lost, depending on
their sequence context (34). Indeed, imperfect maintenance of
methylation at CpGs within in vitro-methylated transgenes was
observed in numerous studies (19, 33, 59). The sequence con-
text of CpGs may affect methylation maintenance indirectly
through protein binding, DNA structure, or chromatin struc-
ture.
Observations made regarding Ascobolus immersus implied

that this fungus also propagates methylation at nonsymmetri-

cal sites. The evidence came from the discovery of a process
closely related to RIP, which is called methylation induced
premeiotically (MIP [12, 35]). Like RIP, MIP inactivates du-
plicated sequences in a pairwise manner during the sexual
stage of the life cycle. Unlike RIP, however, MIP does not
cause mutations. Rather, sequences are inactivated by meth-
ylation. As in Neurospora cells, this methylation is not limited
to symmetrical sites, and persistence of methylation does not
require that the DNA remain duplicated. All sequences tested
to date are subject to MIP, suggesting that in Ascobolus meth-
ylation is propagated by a maintenance system that is sequence
independent. Thus, Neurospora and Ascobolus cells may have
related mechanisms for methylation maintenance, but they
differ in that the Neurospora system appears sequence depen-
dent. It will be interesting to learn whether sequence-depen-
dent maintenance methylation occurs in other organisms, such
as mammals.
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